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[NTRODUCT LON

This report presents an evaluation of the proposcd kort nozzle for the 14
WYTM Cutter. [theonsiders the shroud structure, the propeller hvdrodynamios
the iove toading on the propeller blade, a possible fce detlection strat, and
overall design of the kort nozzle. The shroud structure is considered first in -
Section 1, wiere it is found to be sufficiently strong. -Section 2 goes into

the propeller hvdrodynamics, while Section 3 considers the remaining topics.

One scrious provlem with the present design is that there is no access to
the propeller. Unless the port, starboard, or both sides of the nozzle is remo-
vable, the propeller would have to be installed and the shroud built around it.
The screw would be inaccessable for repairs. Suggestions for how this problem
could be solved are put forward in Section 1.

The thrust and efficiency of the propeller together with the shroud mect
requirements. However, the local velocity distributions are not hydrodynami-
cally the best and result in cavitation on portions of the back and face of the
blades. Slight modifications to the sections should alleviate this situation; a
very cfficient subcavitating propeller should result. Details may be found in
Section 2 and Appendix C.

Unless the propeller blades are to be steel, they are not strong enough to
withstand extreme ice loading. Details of the ice loading are given in Section
3 and Appendix D. Recommendations 4 and 5 in Section 4 address this problen.

.Supports for the nozzle are also discussed in Se«fion 2 - “nese should be
faired in to prevent adverse hyvdrodynamic drag, which reduces the total net

thrust. -

'

Recommendations may be found in Section 4.




. THE SHROUD STRUCTURE

To predict the ice loading to which the nozzle will be subjected is not
possible; however, the loading will not exceed the crushing strength of the ice,
Cratt (1977) supgests vsing the crushing strength of the ice times the pro-
jected area as the upper bound of the compressive force that can be transnitted
from the ice to a structure. He also suggests the use of an overall factor of
safety raunging from 1.5 to 2.5. Garivick and Lloyd (1970) suggest the use of
30C pes.i. for the crushing strength of the ice. Since there is no vay to anti-
cipate the total area against which the ice will act nor its location, we will
use Graft's criterion for the loading. The nozzle will be subjected to 300
p.s.i. acting horizontially as shown in Figure 1-1, since this dircction would
be the most critical loading. It is assumed that the nozzle will be rigidly
supported at the hull; this assumption will be discussed in detail in Section 3.

¥
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Figure 1-1 NOZZLE LOADING
Each half of the nozzle, the port side and starboard side, will be analyzed
as an arch with fixed ends. Figure 1-1 shows both the applied forces and the
reaction forces that act on each half. Roark (1954) gives the following
expressions for the reactions:

a) the horizontal reaciton H

H=WR (l.1)




h) the vertical reaction V

v=wr (L-1+nl (1.2)
6 4 8

2(L-1)" -3+ 2-an
e 4 4

¢) the moment

2
M=WR _ o4r (1.3)
4 n
where R js the radius of the neutral axis, w the loading per linear foot,
@« = 1/AR | and A is the cross sectional area.

Section dimensions and other properties of the shroud are tabulated in
Appendix A. The chord ¢ of the nozzle is 4.282 ft; hence, the loading per
1inear foot is:

300 p.s.i. * 144 in2 fFt * 4,282 ft

w

w = 185,000 1bs/ft

The neutral axis of the arch is the circle through the centroid of the cross
section; its radius R is measured from the center of the 9rope]]er shaft and has
the valueR =7y = 4.67 ft. The section area A = 2.194 ft, and its moment 5f
inertia I = 0.0961 ft .

Substituting these values into eauations (1.1) thru (1.3) yields

a = 0.961 , =0.0020
2.1;21 * .
H = 185,000 1bs/ft * 4.67 ft

864,000 1bs

V = 864,000 1bs * (-0.0825)/(-0.1503)
= 474,000 1bs
M = (864,000/4 - 2 * 474,000/11) * 4,67 ft 1b.

- 401,000 ft 1b

The maximum compressive stress e due to bending is given by:

Ope = %_max (yy - R)

= 401,000 ft 1bs ( 5.34 - 4.67) ft

~0.0961 FE

2,796,000 p.s.f.
opc = 19,400 p.s.i.




There is an additional compressive stress Yac due to the axial load H at the
support . {

Oac = H/A

864,000 1bs / 2.19 ft2

394,000 n.s.f.

g 2,740 p.s.i.

ac

The maximum compressive stress is:

Oc % Y3¢c T Ihc

2740 p.s.i. + 19400 p.s.i.

9o = 22,100 p.s.i.
At the fixed support the maximum tensile stress due to bendinag is

st = M max (y) - R)
I

= 401,000 (4.67 - 4.37) p.s.f.
0.0961

1,251,000 p.s.f.

oht = 8680 p.s.i.

Since there is an axial compressive stress, the maximum tensile stress is
given by:

ot = Sht - Yac¢

8,690 p.s.i. - 2,740 p.s.i

ot = 5,950 p.s.i.
The shear stress 1 is given by:
t = V/A = 474,000 lbs / 2.194 ft2
216,000 p.s.f.
1,500 p.s.i.

The internal bending moment around the arch may be expressed as:

M(6) = - M - VR sine + HR (1-cos8) - wRZ (1-cosp)2
=z

- M- VR sing + HR (1-cos®) - HR (1-cose)?

4




Where M positive indicates inner side (lower surface) in tension,

#

MY (9) = - HR cos8 + VR sint - VR(1-cosv) sinu
= - HR cosG + VR cos6 siny

The roots of M' (4) = n are 4 =N and

il

sinG = HR = H
VR v

= 474,000 = 0.5486
864,000

or
9 =0, 33.27°, n - 33.27°
The moments at these points have the values
M(0) = 205,000 ft 1b
M (33.27°) =M (n - 33.27°) = -206,000 ft 1b
The level of stress for the arch is small, so that a low carhon steel can be
used for its construction. This has the additional advantage that low carbhon
steels are a tough material with good resistance to impact loadina. The
nozzle will be subjected to impact loadings from ice at low temperature.
With the present nozzle design there is no access to the propeller, Since
the stress level within the shrouwd is low, the port »r both t%= port and star-
board sides could be made remavable to provide the necessary access. One

approach would be to make the nozzle a built up structure with a cross section
1ike Fiqure 1.2.

OUTSIDE PLATE

L.E. BEAM

TE. BEANM \r/vsroz PLATE

Fiqure 1.2 BUILT UP SFCTION

The structure would consist of a leading edge beam sculptured to the profile of
the section and a trailina edae beam also sculptured.

inper and lower surfaces hetween the beams would be made from plates.
There would be ribs at approximatelv 45° intervals. The outer and inner surface
plates would be made removahble. The leading and trailing edge beams would be
made removable near the ship hull and the lower support. One approach ta these
connections would be to have nermenent short heams attached to the hull and the
lower support: the leading edge and trailing edae beams would bolt to these
fixed structures. 1If this proves impossible, the spacing between the two beams
miaht he made larqe enough for the prop to fit through. The ranovabile nozzle is
however preferable.




2. PROPFLLER HYDRODYNAMICS

Fuller (1981b) provided the design criterion for the screw. At a ship speed
Vg = 6 knots the propeller is to turn at N = 270 rpm at a shaft horsepower SHP =
2400 hp. The wake reduction factor is to bew = 0.177: this relates to a velo-
city at r/R = 0.6. The axial velocity into the propeller is then given as:

Vo = (1-w) Vg = 8.340 ft/sec

NDetails of the hydrodynamic force calculations may be found in Appendix C.
At the above conditions the thrust developed hy the screw is given in Tahle (-8
as:

T = 33,100 1bs
and the corresponding toraue is:
0 = 45,800 ft 1bs.

These values are for a water density p=1.94 1bs, sec2/ft. At this torque
the delivered horsepower would be:

DHP = 2 1l n0 = 2,354 Hp
550

Where n = 4.5 r.p.s. is the rotational shaft speed.

¢ = DHP = 0,981
SHP

Which is right where it should be.
The thrust coefficient for the screw alone is:

KTscrew=pn T, =0.162,

and the torque coefficient is:

Kp = Q = 0.026
e pn2 D5

Van Manen and Superiana (1959) determine the thrust constant of the nozle

KTnozzle = 0.110;

consequently, the total thrust constant is:

KT = KTscrew * KTnozzte = 0-272
The total thrust is:

T = pon? p3 kT = 59,300 1bs,
and the corresponding thrust horsepower THP is:

THP = T Va = R99 Hp

5




Overall efficiency for the screw nozzle combination is:

= THP = 0,382
°  TTHup

At 258 rpm for a delivered horsepower, DHP = 2350 Hp, the bollard pull due
to the proneller is:

Tocrew = 37,400 Tbs

The thrust coefficient for the screw is:

= 9
KTscrew 0.199

Addina this to KTnozzle vields a total thrust coefficient
Kt = 0.309

for a total thrust
T = 58,129 1bs

This compares with the present bollard pull of 56,000 1bs at 245 rpm. The
shroud has reducted the bollard pull of the screw by a third without lowering
the total bollard pull,

The velocity distribution is obtained through use of the Goldstein (18:2)
approximation to Theodoresen's mappinqg technique. Veleritv dicty yutions for
r/R = 0.5, 0.7, and 0.9 are shown in Figures 2-1 through 2-3. Details of this
method can be found in Appendix C. Although the velocity distribution for the
section at r/R = 0.5 at a C| =1, fiqure 2-4, is quite normal; in contrast, at
the desian value € = 0.146 the lower surface velocities exceeds those on the
upper surface for the first 15% of the chord. At r/R = 0.7 this condition
holds over the first 2.5% and at r/R = 0.9 over the first 10% but not as drasti-
cally as at r/R = 0.5. One other bad feature of the velocity distribution is
its behavior over the last 25% of the upper surface in the vicinity of r/R =
0.7. This erratic behavior is still evident for the same section at C| = 1.

The propeller cavitates under summer operating conditions. Details of the
cavitation caluculations are in Appendix C. There is cavitation on the back of
the blade at r/R = 0.7. There is cavitation along the lower leading edge from
an approximate r/R = 0.5 to the tip. Both of these conditions are due to poor
velocity distribution rather than to an excessive blade loading. It should be
possible to operate the propeller cavity free, after minor madifications to the
section shape,
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3o OTHER STRUCTURAL AND HYDRODY NAMLIC CONSTOERATIONS

Stresses due to {ce crushiang by the blade are tabulated in Table -6 and
were derived in Appendix D.  These stresses exceed the design working stresses
for both mangancese bronze and nickel aluminum bronze screws recommended by
O'brien (1962). Tn fact the stress levels would actually call tor a steel
screw. Some might argue that the crushing stress of ice is too severe a loadiag
condition. consider the results for r/R = 0.8; the stress 8830 p.s.i. repre
sents a chunck of ice being forced apainst the outboard 11,2 inches of the
blade. True, the block would have to be &' wide, but (his is plausible, The
blade could not support an cven smaller block pushing normal to its face; for
at t/R - 0.8 the appropriate 1 is 7 in , the maximum Jdistance is 0.03Y fect or
0.463 inches, and using an allow stress of 650U p.s.i., the maximum moment would
be

= 6500 p.s.ie * 7 in &

M3 1lowed = TR = 97,222 in 1b

A 10 inch thick by 10 inch wide piece ot ice, acting with a 5 inch moment arn,
would mearly have to exert 194 p.s.i. to achieve this lewl of stress.

A strut stretched between tie hull and the shroud as shown in Figure 3-1
could be used to deflect ice away from the blades. It would not however protect
the blades from ice coming in astern during backing operations. An NACA 0918
section would be sufficiently strong to withstand ice loading, as the predicted
maximum stress would be 7780 pe.s.i., sce Appendix ). 1Tt is not possible to pre-
dict the direction of flow into the strut; a visual study in a water channe!
would be advisable to check out the hydrodynamics of the ~*rut and irs interac
tion with the propeller.
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For hydrodynamic reasons the upper and lower supports for the nozzle should
he faired into the <hip hull. Strucutrally they should be made an integral part
of the hull, <o that raey acl as rigid supports for the nozzle. Fiqure 3-?
shows a4 cut through the upper support (shaded portion) to show the fairing. The
width ot the support should be determined by the location of its lower outside

INSTOE
/ SVRFACE

Figure 3-2 ATHWART SHIP CUT THROUGH UPPER SUPPORT

edge; this edge should be located so that it just provides clearance enough tc
remove the propeller. This is approximately the 1' 6" buttocks plane. Figure
3-3 shows a typical fore and aft section. Two major fe~turec zre the slots into

MOLD 1o WULL SyRFACE

| 1

L.g. BEAM
TAPFER 44D Mot ACcess seor
TO RUDDER SUPPORT +f 34M — PLATE
SLoT

Figure 3-3 FORE AND AFT SECTION

which the shroud leading edge beam and its trailing edae beam fit. These beams
should bolt to the support. It may be useful to have an access plate at mid
chord to access these bolts; this view shows this plate. MNote also that the

support continues to the rudder support housing and should be faired into this
structure.
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Firure

3=« shows a stera view of a section through the lower support.
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4, RECOMMENDATIONS

1. The nozzle structure should be made removable to provide access to the
propeller.

?. FEither the pitch angle, the slope of the mean line, or both should be
adjusted so the sections operate closer to optional €, and the unusually high
velocities on the face near the leading edge are reduced.

3. Section thickness distributions should be investiaated to determine if
they cause the cavitation on the back of the blade. Velocity distributions are
not properly distributed and the section shape needs modification to alleviate
the situation.

4. If the present cutter propellers have not received any significant ice
damage, these propellers should be analyzed to determine the maximum stresses
they will support at different r/R values for a safety factor of two. These
values could then be used as ice load design stresses for the propeller under
consideration in this report,

5. Fither strengthen the blades to support the loading described in
Appendix D or design to the stresses described in recommendation 4.

13
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APPENDIX A NOZZLE ANALYSIS

The shroud dimensions in this report are from the 140 WYTM Cutter
Proupeller Data which are stored on the Naval Academy Time Sharing System
(NATS).  Tuis data was digitized from the United States Coast Guard brawing
(Fuller 1981a). Te section data presented in Table A-1 is good to 0.005 ft,
i.e. .06 inches. Both y, and y; are scaled data; whereas, the fore and aft
coordinate X is a direct reading in inches from the drawing. x is the scaled
version of X, where the scale factor 1'/1.5" is used.

TABLE A-1 SHROUD SECTION

Upper Surface Lower Surface

X(in) | x(fo) | Y (f6) | XUn) |  x (fe) | Yi(ft)

3176  2.117|  s.i1e | 3.176|  2.117 | s.114
3.125|  2.083| s5.180 | 3.038| 2.025 | 4.906
3.025|  2.017) 5.233 | 2.621| 1.747 | 4.650
2.925|  1.530] 5.240 | 2.183) 1.455 | 4.481
2.23 | 1.491| 5.150 | 1.584] 1.056 | 4.371
-0.022] -0.015| 4.918 | 0.774| 0.516 | 4.314
-0.022| -0.015| 4.925 [-0.106| -0.070 | 4.316
-0.092| -0.061{ 4.898 |-1.536| -1.024 | 4.330
-1.790| -1.193| 4.730 | -2.586| -1.724 | 4.372
-3.118| -2.125]  4.590 | -3.106| -2.701 | 4.402
-3.228| -2.152| 4.549 | -3.207| -2.138 | 4.436

-3.247 -2.165 4,482 | -3.247| -2.165 4,482
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TABLE A-? presents this section data as a function of the nondimensional
distance

x' = (x g - x)/c

where x ¢ is the x-coordinate of the leading edge. From the table x p = 2.117
ft; ¢ is the section chord lenath and is given as ’

C = XLE - XTE
T.E. denotes trailina edge; from the table xyp = -2.165 ft. Hence,
c =2.117 - (-2.165) = 4,282 ft.

In the table n.t. denotes nose to tail line, i.e. the line hetween the leading
edge and the trailing edge. Y. is the camber line approximation:

Yo = 0.5 (Y, + Y7) - n.t.

The upper surface coordinate Y, and lower surface coordinate Y1 are linear
interpulations of the data in Table A-1. The maximum thickness of the shroud is
0.712 ft from the tabulated values of Y,-Y;, and this mimimum thickness occurs
at 25% of the chord. Maximum camber also occurs at 25% of the chord and has the
absolute value 0.230 ft.

17
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Section properties for the shroud are calculated by dividing the shroud sec-
tion into elements ax =0.05 units wide, as shown in Figure A-1.

/ »
ar1]]]] ‘

Figure A-1 DIVISION OF SHROUD

{ Since y,~y1=0 at both the leading and trailing edges, the section's total area A
in terms of the trapazoidal rule is:

A =0.05 I (y,~y1)

' By definition and the trapazoidal rule the Tocationy of the section centroid
from the axis of the propeller shaft is:

y = 0.05 I7yi (yyn)i/As

where yi=(y,ty1)/2. Since the centroid of each element is not located at the
same distance from the propeller axis as the centroid of the section but is
additional yj-y away, it is useful to use the parallel axis theorem. When this
js done, the moment of inertia I around the centroidal axis for the shroud sec-
tion is given by:

T =0.05 () (y,y1)Ti-9)2+LT;

where T; = (yu-y])3/12.
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APPEMDIX R: PROPELLFR BLADE GFOMETRY

The propeller dimensions presented in this report are obtained from the 140 !
WYTM Cutter K 3-75 Propeller Nata stored on NATS. This data was diqitinized
from lInited States Coast Guard Nrawina (Fuller 198la). The section data pre-
sented in Tables Bl through B7 is qood to + 0.005 ft. which is the same as

+0.06 in. The propeller radius R = 4.25 ft,

TARLE Bl NIRITIZED SECTION DATA r/R = 0.4 l
Upper Surface Lower Surface
x (ft) Y, (ft) x (ft) Yy (ft) 4
1.851 0.198 1.851 0.198 1
1.850 0.214 1.835 0.180 v
1.835 0.226 1.769 0,182
1.768 0.256 1.597 0.176
1.656 0.304 1.426 0.177
1.481 0.359 1.297 0.174
1.323 0.404 1.108 0.166
1.113 0.450 0.859 0.166
0.851 0.499 0.622 0.170
0.633 Nn.519 0.386 0.168
0.393 0.529 0.152 0.170
0.187 0.532 -0.005 0.173
0.001 0.534 -0.269 0.165
-0.002 0.532 -0.566 0.175
-0.049 0.527 -0.860 0.170
-C.238 0.516 -0.991 0.171
-0.421 0.501 -1.132 0.174
-0.,744 0.464 -1.334 0.183
-0.965 0.418 -1.514 0.187
-1.783 0.345 -1.689 0.194
-1.482 0.290 -1.750 0.196
-1.603 0.259 -1.753 0.200
-1.726 0.220 -1.756 0.204
-1.754 0.210
-1.756 0.704
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TABLE B-2 DIGITIZED SECTION

DATA r/R = 0.5

e e e e e - e e
lipper Surface Lower Surface
x (ft) Y, (ft) x (ft) Y1 (ft)
1.988 0.193 1.988 N.193
1.982 0.199 1.984 0.175
1.972 0.209 1.966 0.167
1.913 0.223 1.932 0.165
1.788 0.258 1.831 0.162
1.621 0.295 1.686 N.161
1.441 0.332 1.448 0.165
1.196 0.381 1.248 0.1¢€5
0.892 0.424 1.047 0.166
0.631 0.449 0.686 0.165
0.393 0.461 0.162 0.169
0.299 0.464 0.001 0.167
-0.004 0.468 -1.181 0.170
-0.082 0.467 -0.408 0.166
-0.318 0.457 -0.638 0.172
-0.522 0.443 -0.911 0.176
-0.739 0.430 -1.207 0.174
-1.027 0.397 -1.396 0.172
-1.225 0.369 -1.618 0.172
-1.434 0.319 -1.810 0el
-1.702 0.260 -1.935 0.182
-1.838 0.223 -1.941 0.182
-1.915 0.206
-1.937 0.196
-1.941
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TABLE B-3 DIGITIZED SECTION DATA r/R = 0.6

Upper Surface Lower Surface
x (ft) Y, (ft) x (ft) Y1 (ft)
1.990 0.191 1.990 0.191
1.980 0.205 1.978 0.17%
1.946 0.217 1.938 0.165
1.823 0.246 1.852 0.160
1.701 0.266 1.722 0.161
1.556 0.289 1.485 0.159
1.217 0.328 1.265 0.161
0.688 0.378 0.956 0.167
0.372 0.39¢ 0.612 0.166
0.001 0.403 0.222 0.165
0.001 0.399 -0.001 0.167
-0.134 N0.402 -0.241 0.167
. -0.416 0.392 -0.620 0.172
-0.616 0.386 -0.983 0.172
-0.807 0.370 -1.322 0.173
-1.037 0.354 -1.630 0.172
-1.315 0.322 -1.892 0.170
~1.490 0.300 -2.052 0.171
-1.712 0.266 -2.098 n173 |
-1.855 0.245 -2.108 0.180
-2.002 0.214
-2.072 0.201
-2.100 0.193
-2.108 0.180
| &
|




TARLE B-4 DIGITIZED SECTION DATA r/R = 0.7

r— - — —— - - - - -4
___‘<______H~p_gqc_5‘u_r_fgge_“ Lower Surface
L---_.x. .(*f_E)“__?’” Y, (ft) L x (ft) Yy (ft)
2.242 0.181 2.242 0.181
2.238 0.191 2.240 0.169
2.196 0.195 2.228 0.163
1.982 0.222 2.150 0.162
1.766 0.242 2.023 0.163
1.494 0.274 1.872 0.166
| 0.971 0.314 1.678 0.163
5 0.467 0.330 1.404 0.164
: 0.001 0.333 1.158 0.166
-0.001 0.334 0.640 0.168
-0.404 0.331 0.309 0.170
-0.680 0.325 0.116 0.168
-0.952 0.315 -0.092 0.173
-1.174 0.301 -0.382 0.170
-1.478 0.276 -0.707 0.178
-1.659 0.261 -0.989 0.175
-1.804 0.248 -1.326 0.175
-2.052 0.215 -1.570 0.171
-2.167 0.202 -1.850 0.173
-2.227 0.192 -2.046 n.171
-2.233 0.184 -2.179 0.174
-2.227 0.178
-2.233 0.184
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TABLF B-5 DIGITIZED SECTION DATA r/R = 0.8

Upper Surface

_ . Lower Surface

x (ft) Y, (ft) x (ft) Yy (ft)
2.321 0.178 2.321 0,178
2.315 0.188 2.309 N.164
2.277 0.190 2.243 0.159
2.162 0.201 7.168 0.163
2.018 0.208 2.037 0.162
1.920 0.215 1.880 0.164
1.706 0.227 1.680 0.165
1.399 0.243 1.452 0.165
0.937 0.266 1.192 0.169
- 0.508 0.282 0.745 0.169
0.002 0.284 0.480 ND.169
-0.002 0.286 -0.003 0.171
-0.069 0.7282 -0.320 0.167
-0.282 0.282 -0.691 0.178
~0.603 0.279 -1.090 0.179
-1.002 0.272 -1.368 0.172
-1.395 0.253 -1.576 0.173
-1.568 0.241 -1.931 0.170
~1.756 0.232 -2.122 0.172
-1.925 0,220 -2.282 2.17%
-2.256 0.198 -2.322 0.175
-2.314 0.191 -3.324 0.181
-2.324 0.181
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TABLE B-6 DISITIZED SECTION

DATA r/R

0.9

o __Upper Surface . Lower Surface
x (ft) v, (ft) x (ft)
2.373 0.168 2.373
2.372 0.172 2.372
2.355 0.180 2.315
: 2.287 0.186 2.134
: 2.168 0.195 1.938
I 2.065 0.194 1.638
1.910 0.201 1.359
1.736 0.214 0.815
1.536 0.222 0.329
1.190 0.233 -0.003
0.756 0.240 -0.396
0.407 0.241 -1.161
0.004 0.244 -1.886
-0.002 0.238 -2.193
-0.570 0.243 -2.308
] -1.312 0.235 -2.368
-1.637 0.223 -2.374
-1.830 0.219
-2.163 0.198
-2.296 0.193
-2.372 0.186
-2.374 0.180

—— ————

e ——— e e e

vy (ft)

.168
.164
.164
.162
.165
.164
.168
.166
.170
A7
.170
.174
176
.174
175
172
.180

OO0 ODODODOOCOOODOO




‘—“_—-ﬂ

pos

TABLE R-7 DIGITIZED SECTION DATA r/R = 1.0

— e e

Upper Surface

Lower Surface

x (ft) Yy (ft) x (ft) Yy (ft)
2.388 0.172 2.388 0.172
2.382 0.178 2.386 0.160
2.353 0.182 2.376 0.160
2.228 0.191 2.337 0.166
2.061 0.196 2.259 0.161
1.918 0.199 2.166 0.167
1.526 0.214 2.035 0.164
1.202 0.217 1.829 0.164
0.682 0.223 1.287 0.164
-0.002 0.224 0.786 0.168
-0.002 0.227 0.208 0.169
-0.129 0.229 0.001 0.169
-0.373 0.223 -0.511 0.171
-0.588 0.227 -1.074 0.177
-0.826 0.227 -1.524 0.173
-1.177 0.220 -2.007 0.177
-1.586 0.213 -2.177 0.174
-1.826 0.203 -2.300 0.171
-1.979 0.202 -2.376 0.170
-2.163 0.19 -2.380 n.178
-2.300 0.193
-2.374 0.186
-2.380 0.178
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The expanded blade data, presented in Table B-8, was derived from Tables
B-1 through R-7. The leading edae L, E. is the 1argest positive value of X, and
the trailina edge T, E. is the laraest negative value. Camber ¢ is the distance
between the leading and trailing edges. Maximum thickness for this propeller
blade is at X = 0; the value in the tahle is computed using the maximum value of
Y, and the value of Yj nearest X = 0. A1l values for r/R = 0.3 were taken from
the drawing by Fuller (1981a).

TARLE R-8 EXPANDED BLADE GEOMETRY

R = 4,25 ft

r/R r(ft) L.E. (ft)} T.E. (ft)| c (ft) t (ft)
0.3 1.27% 1.68 -1.82 3.20 0.424
0.4 1.700 1.851 -1.756 3.607 0,361
0.5 2.125 1,988 -1.94] 3.929 0.301
0.6 72.550 1.990 -2.108 4,098 0.236
0.7 2.975 2.242 -2.233 4,475 0.161
0.8 3.400 2.321 ~2.324 4,645 0.115
0.9 3.825 2.373 -3.374 4,474 0.073
1.0 4.250 2.388 -2.380 4.768 0.055

It is convenient to have all section data as a funztion of *'.¢ nondimen-
sijonal distance
XLF_'X
X' = ———
C

from the leading edce for the purpose of computing the pressure on each wing
section, This data is tabulated in Tables B-10 thru B-15, In the tables n.t.
denotes the nose to tail line or chord line; it is the line between the leading
edge and the trailing edge. y. is the camber line approximation

Ye = 0.5 (yy, + y3) - n.t.

The upper surface coordinate y, and the lower surface coordinate y; are linear
interpul ations of the respective data in Tables B-1 throuah R-7.

28




6¢

| .
000°0 9020 902°0 000°0 y02*0 $02°0 96/°1- VoI
$20°0 02" 0 822°0 9£0°0 061°0 992°0 9/G°1- 560
950U £ 0 6120 0ET"0 81°0 yIE"0 S6€°1- 06°0
£90°0 £02°0 uLe"o £81°0 8L1°0 9¢°0 §12°1- $8°0
£80°0 £02°0 982°0 £2°0 1410 2070 SE0°1- 08°0
pOT 0 202°0 90€°0 1/2°0 04170 170 ¥58°0- $L°0
021°0 2u2°0 22€°0 bL2 0 €170 2Ly 0 ¥.9°0- 0L'U
VET 0 202"V 2€€°0 1¢£°0 2L1°0 £6%°0 V60~ 59°0
9ET"0 202°0 8EE™ 0 pre0 99170 015°0 £1€°0- 0970
SPT°0 102°0 9yE"0 £5£°0 69170 22570 £€T°0- $5°0
510 102°0 £5€ 0 29¢° U 2L1°0 PES 0 8v0°0 0$°0
6v1°0 102°0 USE"0 29€°0 69170 1€5°0 822°U 5¥°U
87170 002°0 BYE"0 09¢°0 8910 82570 80%°0 0%°0
9v1 0 00270 9v€°0 16€°0 0L1°0 125°0 685°0 S€°0
LET°0 0VZ°0 LEE70 3€E°0 891°0 9050 692°0 0E°0
$21°0 002°0 v2€°0 Si€°0 9910 1870 6¢6°0 $2'0
11170 661°0 01E"0 6L2°0 L9170 IvH°0 0ET"1 APART)
160°0 66170 062"V £€2°0 vL170 L09°0 OTE'T TR
£30°0 661°0 992"y 6L1°0 LLT 0 95¢°0 069" 1 TG
v50°0 86170 252°0 2S1°0 9L1°0 82€°0 085°1 5/0°v
0v0° 0 861°0 8£2°0 o117V 6L1°0 8620 1491 050°0
220°0 861°0 022°0 £LL0°0 281°0 652°0 19°1 620"
210°0 861°0 01270 850°0 18170 6£2°0 908" 1 §210°U
000°0 861°0 861°0 000°0 861°0 861°0 158°1 0U0"u
(14)24 "3ru (34)2/(144"4) (34) LA-"K (14)1£ (34)"4 (34)x X

?°0 = d4/4 377 WOYd JUNVLISIU TYNUISNIWIO NON 30 SNUILIONGA SV SNUISN3WIQ NOILI3S 6-8 3Twvl




0¢
-

000°0 26170 26170 U000 261"V 261°0 06" 1- 00°1
£20°0 26T°0 £12°0 (£0°0 8.1°0 8v2°0 Syl 1- 560
1v0°0 261°0 £€2°0 2210 2L1°0 ¥62°0 8r5 T~ 060
$90°0 2610 9520 [y1°0 210 6£€°0 25¢°1- 58°0
¥80°0 261°0 9/2°0 00 PL10 6LE°0 ST 1- 08°0
860°0 26170 062°0 622°0 91" 0 500 656°0- 6470
L0170 261°0 662°0 952" 1170 L2°0 29£°0- 04°0
€110 261°0 S0£°0 0L2°0 0L1°0 0bv°0 995°0- 59°0
021°0 26170 ¢IEy 92 U 89170 ¥Sv°0 69€°0- 09°0
¥21°0 261°0 91£°0 ¥62°0 691°0 £9%°0 €L1°0- 5570
921°0 £€61°0 81€ 0 10€°0 £91°0 89%°0 ¥20°0 05°0
$21°0 €610 91€°0 $62°0 691°0 ¥9%°0 022°0 S9°0
021°0 €61°0 PIE"0 €620 (9T°0 09%°0 914" 0 090
S11°0 £61°0 80€°0 ¥82°0 991°0 05t°0 £19°0 €0
901°0 £61°0 8620 £92°0 §91°0 2E0°0 608°0 0€°0
60°0 €610 [82°0 2ve ) 991°0 809°0 900° T 520
080°0 €61°0 2LV §12°0 $91°0 0UBE"0 202°1 02°0
090°0 £€61°0 252"y SL1°0 $91°0 OvE"0 66€" T 510
8€0"0 €61°0 1€2°0 8ET'0 ¢91°0 00£°0 651 001°0
£20°0 €61°0 022°0 811°0 19170 6L2°0 €69°1 5£0°0
[10°0 €61°0 0120 60°0 ¢91°0 £52°0 26L°1 us0°0
£00°0 £€61°0 Y61°0 $90°0 9910 622°0 68°1 520°0
200°0- £61°0 161°0 250°0 $91°0 (120 6661 210°0
0000° 0 £€61°0 £61°0 000°0 £61°0 £61°0 886°1 000°0
(34)%%4 "3u (33)2/(1A4"4) (34) LA (anlik (340 (34)% X

G'0 = d/4 "3°7 WOd4 FONvLISIU WNOISNIWIQ NON JO SNUILUNAI SV SNOISNIWIQ NOI1LJ3S OT-4 378Vl

e

- & a




0

000°0 081°0 081°0 0000 081°0 081°0 801°2- 00°T
120°0 18170 £02°0 590°0 041V 5€2°0 £06° T~ 66°0
120°0 1810 1¢ey 86070 2L1°0 0L2°0 869°1- 06°0
v50°0 281°0 9€2°0 821°0 2LT0 00€°0 Ry 1- $8°0
£90°0 281°0 6v2"0 2510 €410 $2€°0 882" 1- 08°0
L4070 £81°0 092°0 LLT°0 2L1°0 6vE"0 80" 1- L0
580°0 £€81°0 892°0 £61°0 2L10 590 6£8°0- 0L°0
260°0 ¥81°0 9.2°0 6020 2L10 18€°0 v£9°0- $9°0
960°0 810 082°0 12270 0L1°0 16£°0 69%°0- 09°0
£60°0 $81°0 282 0 0£2°0 £91°0 L6€°0 ¥92°0- $5°0
660°0 9810 §82°0 9€2°0 (9170 €090 650°0- 05°0
160V 9810 £€82°0 pe2"0 9910 0070 910 590
$60°0 (8170 18270 1€2°0 6910 96€°0 16€°0 040
680°0 (81°0 9£2°0 022°0 99170 98€°0 955°0 SE°0
080°0 8810 892°0 502°0 991°0 1L€°0 19£°0 0€°0
1£0°0 681°0 092°0 5810 £9T°0 25€°0 996°0 620
650°0 681" 0 8v2'0 691°0 £91°0 2£€°0 AN 0z
590" 0 06T°0 6£2°0 051°0 09170 0TE"0 SLE°T $T°0
260°0 061°0 AL $21°0 091°0 $82°0 0851 001°0
520°0 061°0 §12°0 80T°0 191°0 692°0 £89°1 §£0°0
910°0 0610 902"V 260°0 091°0 252°0 68.°1 050°0
500" 0 161°0 961°0 690°0 29170 1€2°0 888°1 5200
100°0 161°0 261°0 $50°0 §91°0 612°0 6E6° 1 $210°0
000°0 T61°0 161°0 000°0 16170 161°0 066°1 000°0
(33)°4 "3u (33)2/(144"4) (14) LA-"& (1)U (33)"'A (34)x X

-

9°0 = d/4 371 WOdd IONVISIO TWNOISNIWIQU WON 40 SNOILINAS SY SNOISN3WIG NOILO3S T1-8 378Vl




" " ) . 7
A%
000°0 810 w10 VSTV 12 0] v81°0 gege- 00°1
<1070 ¥81°0 9%1°0 ov0° 0 Ll 0 T1¢¢°U 600°¢- 46°0
L2070 v81°0 {1¢°0 8LJ°0 ¢L1’0 05¢°0 981~ 06°0
9€0°0 8170 022°0 86 1°0 {170 69270 296°1- $8°0
9%0°0 £€81°0 0270 8UL'0 SL1°0 £82°0 BEE 1~ 08°0
L5070 £€81°0 0ve 0 0€T 0 SLT°0 S0€°0 pIT°1- GL°0
€90°0 £81°0 9¥<°0 wio 9/17°0 LTE0 068°0- g0
690°0 £81°0 ¢5¢°0 61170 LL1°0 92€°0 {99°0- 59°0
89070 €81°0 162°0 8510 ¢i1’u 0EEV gy 0- ug9 0
690°0 €81°0 29¢°0 09170 2L1°0 2eE’0 612°0- §56°0
04070 ¢81°0 ¢se v ¢91°0 L1700 €EE°0 ¥00°0 0S°0
890°0 ¢81°0 052 0 €910 691°0 2EE0 8¢2°0 4v°0
890°0 ¢81"0 052°0 19170 691°0 ore'0 AT A 0v'o
90°0 ¢81°0 9e’ 0 86170 891°0 £2€°0 9.9°0 9€°0
|

090°0 281’0 PATARN] 6v1°0 L9170 91€°0 00670 0€°0 o
¢50°0 ¢81°0 20 9¢cT1" ) 99170 ¢0t°0 £C¢1°1 G20 )
A VMY ¢81°0 vee’0 12170 3170 £82°0 JAZ R 1 02°0 4
¢€0’0 ¢81°0 120 ¢01°0 £91°0 §9¢°0 1LG9° 1 $1°0 -
120°0 I81°0 PAVYANY) v0°0 §91°0 6£¢°0 §6L°1 outT’0 ‘
910°0 181°0 L6170 ¥90°0 S91°0 622°0 906°1 S{0°0 f
60V°0 181°0 Ubtl'L 5070 £91°U 81¢°0 81072 050°0
100°0 18170 ¢81 o w00 A £02°0 (11 % Q4 6¢0°0
£00°0 18170 6L(1°C €070 281’0 961°0 981°¢ S210°0
000°0 181°0 18170 000°0 181°0 181°0 che’e 00070
(33)%4 ‘1 (13)2/ (144" £) (34) L£-"4 ol | @ (14)x X

£°0 = ¥/4 "377 Woud IONYLSIU WNUISN3WIQ NON JO SNOILINNG SV SNOISNIWIQ NOILI3S ¢1-9 378vi




te

000°0 181°0 18170 200°0 I81°0 [81°0 veee- 00°T
60070 I81°0 0600 ££0°0 ¢L1°0 60¢°0 o0 ¢- 5670
LTO"V I81°0 861"V £50°0 1L1°0 #eeu 098° 1~ 06°0
52070 18170 J0¢°0 §'0°0 €L170 8£2°0 L29°1- 58°0
0g0°0 081°0 ¢le’o 16070 ¢L1°0 £4¢°0 G6E°1- 0870
0vu 0 081°0 uée o (3070 Lo ¥92°0 t91°1- SL°0
9%0°0 081°0 9¢l v 600 6/1°0 t£L2°0 0€6°0- 0L°0
8v0°0 081°0 8¢l €60°0 8L1°0 L2270 869°0- 5970
yp0° 0 08170 9ee v 60170 TL1°0 08¢°G 99¢v°0- u9°0
yy0°0 6L1°0 5¢°0 pI1°0 891°0 28¢°0 vEe 0- CLN)
6vU°0 6170 AN SIT°0 1LT1°0 98¢°0 ¢00°0- 0S°0
(p0°0 6LT1°0 9¢¢ 0 €110 0LT°0 £8¢°0 1€2°0 gtv°0
P07V 641°0 9¢¢°0 €110 691°Q ¢8¢°Q £€99°0 ov’0
£P0°0 6L1°0 2¢e’0 y0T"0 691°0 G9L2°0 569°0 SE°0
6€£0°0 6L1°0 81¢°0 L6070 691°0 99¢°0 826°0 0E°0
£€0°0 6/1°0 ¢12°0 G80°0 691°0 2TV 091°1 85¢’0
92070 6£1°0 §02°0 9/0°0 91°0 €ve 0 e 1 02°0
020°0 8.1°0 861°0 990°0 G91°0 1€¢°0 ¥29°1 STV
1070 8L1°0 ¢61°0 G50V $91°0 6120 968°1 o010
600°0 84170 (8170 80’0 €91°0 11270 £46°1 SL0°0
S00°0 8L1°0 €8T 2v0°0 ¢91°0 t02°0 680°¢ us0°0
20’y 8LT°0 081°0 g€0°U 191°0 661°0 50¢°¢ 5¢0°0
000°0 841°0 8LT°0 9¢0°0 09170 9610 £9¢2°¢ 5¢10°0
000°0 8L1°0 8.1°0 000°0 84170 8L1°0 12€°¢ Luo'u
(33)°4 "3°u (33)2/(164"%) (34) LA-"A (11)l4 (1)K (34)x X
8°0 = d/4 °3°7 WOY4 FONVLISIU TYNOISNIWIU NON JUO SNOILIONNS SV SNOISNIWIA NOILD3S E€T-8 378vi

,-l...llllllll_‘




7¢e

000°0 08170 08170 000°0 081°0 081°0 vLE 2" 00°T
8000 6/1°0 8170 920°0 w170 002°0 £1°2- 56°0
£10°0 6.1°0 9610 6£0°0 9/1°0 51270 668" 1- 06°0
020°0 8/1°0 661°0 £90°0 SL1°0 222°0 299°1- 58°0
5200 8L1°0 £02°0 £60°0 v/1°0 1€2°0 S2v°1- 08’
820°0 LLT°0 502°0 290°0 24170 9£2°0 [81°1- 5470
0£0°0 9/1°0 902°0 990°0 £41°0 1£2°0 056°0- 0470
1€0°0 9/1°0 £02°0 0£0°0 2L1°0 202°0 £1L°0- §9°0
1€0°0 SL1°0 902°0 2L0°0 0L1°0 2v2"0 SLp°0- 09°0
0£0°0 S(1°0 502°0 0£0°0 04170 0v2°0 8€2°0- §5°0
2£0°0 bL1°0 9020 690°0 1L1°0 0vZ°0 000°0 0§°0
££0°0 €L1°0 902 0 200°0 0L1°0 2v2°0 L£2°0 50°0
2€0°0 £L1°0 502°0 2L0°0 691°0 W2'0 vLp°0 0v°0
1£0°0 2170 $02°0 ££0°0 £91°0 0v2°0 21L°0 S€°0
0£0°0 20170 202°0 1£0°0 991°0 L£2°0 6v6°0 VE0
620°0 1170 002°0 990°0 £91°0 ££2°0 981" 1 52°0
920°0 0L1°0 961°0 850°0 £91°0 522°0 AR 02°0
120°0 0L1°0 161°0 £60°0 997°0 L12°0 199°T 51°0
p10°0 691°0 ¥81°0 LE0°0 S11°0 202°0 868" 1 001°0
900°0 691°0 SLT°0 220°0 99170 961°0 (10T 5£0°0
600°0 691°0 8L1°0 2£0°0 291°0 v61°0 961°2 050°0
£00°0 89170 9L1°0 520°0 91°0 881°0 V22 5200
900°0 891°0 vL1°0 020°Q 99170 $31°0 vig'2 $210°0
0000 891°0 89 1°0 000°0 891°0 891°0 £L£°2 0000
R

(74 1G9) 3w (04025404 () LAN4 | )W | (3" | (a)x x|

|

6°0 = d/4 "71°7 WOYd IONVISIQ TYNOISN3WIQ NON 40 SNOILONiid SV SNOISNIWIQ NOILI3S ¢1-9 38vL

\r‘;"




199

000°0 8L1°0 8L1°0 (uo°o 8L1°0 8/1°0 08€°¢- 00°1
£00°0 8.1°0 S81°0 020°0 S.T70 S61°0 h1°¢- 96°0
210°0 LLT°0 681°0 9c0°0 9/1°0 2U2°0 €06°1~ 06°0
$10°0 LLT°0 261°0 G¢d0 vLT1°0 60Z°0 §99°1- $8°0
81070 . LLT°0 S61°0 hu’0 vLT17°0 912°0 9P 1- 08°0
220°0 LLT°0 g61°0 00 9/1°0 ueeo 881 1~ SL°0
v20°0 9/1°0 002 0 8y0 0 9(1°0 v2¢°0 056°0- 0L°0
$20°0 9/1°0 00¢°0 50°0 €L1°0 122’0 11470~ $9°0
2¢0°0 9/1°0 861°0 $50°0 TLT°0 G220 £LP°0- 0970
£20°0 SLT1°0 861°0 9G60°0 0L1°0 92¢°0 v€2°0- §9°0
£20°0 SLT°0 8610 840°0U 691°0 L22°0 t00°0 0S°0
£20°0 SLT°0 361 O LS50V 691°0 922°0 eve’o Sv°0
2200 vL1°0 61°0 §450°0 691°0 v¢2°0 18v°0 0v°0
120°0 7LT°0 96170 SS0°0 891°0 £2¢’0 6170 S€°0
020°0 vL1°0 6170 £S0°0 (9170 0¢e v 866°0 0€°0
g810°0 vLT70 T61°0 29070 991°0 L12°0 96T1° 1 S2°0
910°0 €LT1°0 061°0C 140°0 y91°0 §12°v vEr° 1 02°0
€10°0 €LT°0 981°0 vv0°0 P91V 80¢°0 €971 ST°0
600°0 €L1°0 281°0 S€0°0 ¥91°0 661°0 116°1 001°0
300°0 ¢L1°0 I81°0 £e0°0 P91°0 L61°0 0€0"¢ SL0°0
300°0 2L1°0 081°0 920" 0 L91°0 €61°0 0S1°¢ 050°0
€00°0 2LT1°0 SLT°0 920°0 ¢91°0 881°0 69¢2°¢ $¢0°0
¢00°0 2L1°0 SLT°0 610°0 S91°0 8170 82€°¢ 5¢10°0
000°0 2LT°0 2L1°0 000°0 2LT1°0 2LT1°0 88€°¢ 0000
(34)74 "}'u (34)2/(Lh4DK) (33) A-NA (33) L4 (334 (34)x X

0°T = ¥/4 "3°71 Woud 3INVLSIU TYNOISNIWIQ NON 40 SNOILIONNA Sv SNOISN3WIQ NOILI3S ST-8 318Vl




_ , lowing table compares the pitches p
and pitch anqles ¢ for the two blades. Thig data was digitized off the United

TABLE B-15 PITCH AND PITCH ANGLES

 r/R
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APPENDIX C: PROPELLER FORCES

The approximate solution for the angle of zero 1ift given by the Pankhurst
formula (abbott 1959)

ag = 2/C ) Ay

is used to obtain the theoretical zero 1ift angle. The values of A are tabu-
lated in Table C-1, while those of ag are tabulated in Table C-2.

TABLE C-1 PANKHURST CONSTANTS

Xt A |
i
0.000 1.45 !
0.025 2.11
0.050 1.56
0.1 2.41
0.2 2.94
0.3 2.88 ]
0.4 3.13
0.5 3.67
0.6 4.69
0.7 6.72
0.8 11.75
0.9 21.72
0.95 99.85
1.00 -104.90 )

Burril (1944) presents a correction factor Ky with which to correct the
theoretical zero 1ift angle to the one found experiﬁenta]ly. The corrected
angle a, actya) 15 also tabulated in Table C-2. Thickness t and chord are from
Table B-8; whereas, the percent of chord at which maximum camber occurs is taken
from Tables B-9 through B-15. The factor Ka, is taken from Burris (1944),
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The ship speed Vg = 6 knots, the RPM = N = 270 rpm, and the wake reduction
factor W = U.177 ¢ an r/R = 0.6, and the shaft horsepowcr SHP = 2500 hp are from
United States Coast Guard notes (Fuller 1981b). With the usual design process
each blade section would have seen an axial velocity V,, where:

v, = (1 - W) vy
= (0.,823 * 6 kts
= 4,938 kts

V, = 8.340 ft/sec

E

However, as discussed in the body of the text this axial velocity is multiplied
by a factor V,,/V, to account for the experimentally determined velocity profile
in the nozzle at the location of the screw ( Van Manen 1962). From Appendix A
the nozzle chord length = 4,282 ft. and the screw diameter D is 8.50 feet.
The values of Vg ,/V, in Table C-3 are for a 1/D ratio of 0.50 and were obtained
from Van Manen 1962. The rotational velocity Vp.,¢ is given by

Veot =2 rn

where n = 270 rpm/60 sec/min = 4.5 rps. The velocity V is the incident velocity
that the blade section sees;

v = (Vax2 + Vt‘otz)l/2
it comes at the blade from an angl- 38 where

B = arc tan (Vax/vrot)
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TARLF C-3

INCIDENT VELOCITIES AND RESHLTANT ANGLE &

pitch angle 4.

$ Y

N

Viot

FIGURE C-1 INCIDENT VELOCITIES
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FIRT Vax/Va(ft/sec) Vax(ft/sec) Vpot (Ft/sec)| V (fFt/sec) | s(deg)
0.3 0.76 6.34 36.05 36.60 9.97
0.4 0.80 6.67 48.07 48,53 7.90
0.5 0.84 7.01 60.08 60.49 6.65
0.6 0.90 7.51 72.10 72.49 5.94
0.7 0.96 8.01 84.12 84.50 5.44
0.8 1.06 8.84 96.13 96.54 5.25
0.9 1.20 10.01 108.15 108.61 5.29
1.0 1.35 11.26 120.17 120.69 5.35

Figure C-1 shows the reiationship hetween these velocities, 8, and the




where

For computational purposes it is useful to work with an angle ¢o defined by

¢ = ¢ *t apy *

oapt = arc tan

a
Oact

[(YLg - Y7e)/C]

The angle a5 is the pitch angle of the nose to tail line; it is tabulated in
Tahle C-4.
TABLE C-4 PITCH ANGLE ¢,
r/R ¢(deq) C(ft) YLE(ft) YtF(ft) (!n.t(deQ) Qo(dEQ) ¢)0
0.4 15.14 | 3.607 0.198 0.204 -0,10 3.85 18.8
0.5 14.81 | 3.929 0.193 0.192 0.0n1 3.33 18.1
0.6 15.09 | 4.098 0.191 0.180 N.15 2.63 17.8
0.7 15.5?7 | 4.425 0.181 0.184 -0.04 1.55 17.0
0.8 16.23 | 4.645 0.17R8 0.181] -0.04 1.63 17.2
0.9 16.79 | 4.747 Nn,168 0.180 -0.14 0.84 17.4
1.0 17.54 | 4.768 0.172 0.178 -0.07 0.65 18.1

The pitch angle ¢ is from Table B-15; the chord ¢ is from Table B-8: Y ¢ and

Y7g are from Tables B-9 through R-15; and «

-

N
i |
N
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is from Table C-2.




Our first imperical correction is to account for the cascade effect. This
appears as a correction to the pitch angle $gs though, it is an actual correc-

tion to the angle of zero l1ift. The corrected pitch anale ¢5 or is given by

¢o cascade = ¢4 - Kgag * ay act (C.1)
where the correction factor Kga, is a function of By, an angle which is ini-
tially undetermined and ¢ . The values of Kga, are found in Burril 1944, If V

denotes the resultant velocity and w the induced downwash, then Figure C-3 shows
the relationship between the varinus velocities and 8j.

6=3¢c/ (nDr/R) (c.2)

\Br

| Vrot‘

FIGURE C-2 SECTION INDUCED VELOCITY
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The determination of ¢, cascade is part of the total interative process to
determine the induced downwash w. In order to start the process gy is initially
assumed to be equal to B. ¢, cascade is calculated based on this value, and the
induced angle of attack «j can be taken as ¢, cascade - B. Fiqure C.4 shows the
relationship between the induced angle of attack, the angle of zero 1ift ag, and i
the angle of attack of the blade «a. :

FIGIRE C.3 INDUCED ANGLE OF ATTACK

Rather than solve for the downwash w, the itterative scheme is based on solving
for aj. From Figure C-5

Bl = %0 - 9
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However, | should be defined in terms of the corrected pitch angle ¢, cascade
in place of the pitch angle ¢,; hence, our By is given by

By = ¢, cascade - aj (€.3)

The induced angle ay can be expressed in terms of By; Burril (1944)
gives the following expression for aj

360 Ke tan(By-8)
o[ = —y-—----sin By tan (81-8) - ——emeeme (1-KB ) (C.8) ;
© Kg5 Kso tan B

The factor Ke accounts for a spanwise elliptic distribution. Langan and
Wang (1972) show comparisons of experimental and theoretical 1ift distributions;
the elliptic distribution is good for r/R < 0.95 but for greater values deviates
noticably from the experimental results. For r/R > 0.95 the 1ift distribution
is greater than or equal to the r/R = 0.95 value, and the value at r/R = 0.95 is
a good approximation to the average 1ift distribution. Moreover, for a ducted
propeller there is even less likelyhood that the distribution would decrease to
zero like an elliptic distribution at the tip. Since we will be using a numeri-
| cal integration scheme to determine the thrust and since the 1ift distribution
' over the tip region is better represented by the 1ift distribution at r/R =
0.95, the value of Ko for r/R = 0,95 is used for the value of K. at r/R = 1. K,
is a function of the angle ¢;

e =By + (B - B) (C.5)

Kgl is the Goldstein correction factor for a three bladed propeller., Kq is
a slope correction factor and Kgs is an additional cascade correction factor.
These factors are to be found in Burril (1944),

Equations (C.1) thru (C.5) form the basis for an itterative scheme to
determine ay, B, and ¢, cascade. To start the scheme assume 87 = B and compute
¢y Cascade use {C.Z) to get a starting value for «j or use a va{ue of ap between
-5° and 15°. In either case use (C.3) to compute By and (C.4) to compute aj
out- If this value does not agree with the starting value of ay, use it for a
new value of %in (i.e. ap going into the itteration) provided it lies in the
range -5° to 15°; otherwise, use another angle out of this range. Compare the
new apqyt With the ag;,. A good common sense choice of ay;, quickly develops,
and convergence occurs rapidly. There is no need to change ¢, cascade or the
K's for each new By; simply wait for convergence with the wrong set of K's and
than adjust the K's and ¢, cas. for the new ;. After the first few times
through there is little change in these factors.
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Table C-5 shows the final results for ¢, cascade and Table -6 presents the
final iterative results for aj.

TARLE C-5 CORRECTED PITCH ANGLE

r/R o B1(deaq) Kgao a4 act $o(deg) | ¢5cas.(deq)
0.4 1.01 14,98 0.43 3.85 18.89 17.24
0.5 0.88 14,30 0.36 3.33 18.15 16.96
0.6 0.77 14,29 0.28 2.63 17.87 17.14
0.7 0.72 14,12 0.24 1.55 17.03 16.66
0.8 0.65 14.68 0.20 1.03 17.22 17.02
0.9 0.59 15.79 0.15 0.84 17.49 17.36
1.0 0.54 16.95 0.13 0.65 18.12 18.03

Equation C-2 is used to compnte o from the values of ¢ in Table C-4. D =
8.50 ft. The hydrodynamics pitch angle By comes out of the iteration; the
values in the table are the final values. Kgag is from Rurril (1944), aoact is
from Table C-2 and ¢ from Tahle C-4. |

The final values of the factors which enter into the itterative calculation
of Fouation C-4 are tabulated in Table C-6.

The theretical 1ift coefficient 2maj needs an experimental correction K¢
and a cascade correction; the corrected 1ift coefficient C ' is given by:

These corrections can be thought of as corrections to the slope, thus the
subscript s.

There are three components to the drag coefficient. Rurril (1944) qives
the minimum drag component in terms of the following emperical formula:
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e

= 2
CQnin = 0.0056 + 0.01 t/c + 0.10 (t/c)¢ + Kp

where the constant Ko can be determined from Figure C-9. The values of K, in
Table C-7 were obtained through 1inear interpulation. A second factor

WCpg = 0 tan (B1-8) €
> 180

is the induced drag component. The third component is a component depending on
how close to optimal 1ift the section is operating.
ACp = K3 (CL, _ 2
p = K3 (C cLopt)
This component would be zero at optimal 1ift CL0 ; gqiven together with K
Burril as a function of maximum canber and thickness ?6 chord ratio. There is a
correction to 1ift due to the drag; Burril gives this correction as

6CL=£3_§CDtan (By - B)

Table C-7 presents the values of all these 1ift and drag components
together with the final Tift and drag coefficients. aj in radian is used in

computing C | ; otherwise, the table is straight forward.

Now the incremental 1ift dL = 12 p V2 ¢ C_ is perpendicular to the line of
action of the resolent velocity Vi, and the incremental drag dD = 1p oV2 ¢ Cp has
the same direction. Figure C-5. The incremental

14 Viot

rigure C-4 LIFT AND DRAG ORIENTATION

thrust dT and the tangental force dQ/r are related to dL and dD by:

dT = dL cosfy - dD sing,

dQ = dL sinBy + dD cosBj
v
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The total propeller thrust is

tip

T=1 Jn dT

root

where 7 is the number of blades,
r or in terms of the discrete values in this report

T=3*0.1R) dT

Similarily, the total torque is given by

tip
Q=1 J" dQ,
root
or
Q=3*40.1R i dQ

Results based on these formulae are presented_in Jable C-8. These results
are computed for a water densityp = 1,94 1b sec 2/£t4.  The values of dv, dQ/r,
and dQ for r/R = 1.0 have been cut in half to reflect that the interval over
which these increments act is half the size of the other intervals. The inter-
val t around r/R = 0.4 enters fully inta the calculation; however, the blade
for r/R<0.35 to the hub has been n=ylected. Note that Lhe prcpeiler hub has a
1.0625 foot radius which corresponds to an r/R = 0.25. By neglecting the por-
tion of the hblade inboard of r/R = 0.35 we are then neqglecting 0.425' = §5.1" of
the blade. Within this segment the hydrodynamics is not as straight forward.
As can be seen from the results at r/R = 0.4, the loading is small, and the
results will not change significantly.
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The velocity distribution is obtained using the Goldstein (1952) approxima-
tion. In this method the velocity on the surface is given by

voe (v ey |t g Y2 sinterer ) -CLcos(ore e
(v + sin’) ( Qz) 3
+ SL (C.8)
2 neCo
where ¢ and ¢ are transform plane coordinates given by
x = 1 C (1 + cos ¢)
y=12 € v (¢)sine
The angle ¢ {¢) is given explicitly in this approximation by
21
e (o) = (1om) ff/ v (t) cot 12 (¢-t) dt, (C.7)
(]
Co is a constant for each section, and it is given by
21
Co = Y2 (11/2) l“/:/ v (4) do (C.8)
“o
If B satisfies the condition
- €2 sin (e + B) -C_L cos (e+s)+£L_ . (€.9)
( ? £ 2n elo

the Kutta-Joukowski condition is satisfied. C; is the Teft coefficient from
Table C-7, and a, is the left slope corrected %or viscosity; a, = 21 K¢ where K¢
is from Table C-g.

B is determined through an itteratine solution of Equation (C.9). C,, the
angle €, and its derivative ¢' are computed through the methods suggested by
Thwaites (1960). The results for sections at r/R = 0.5, 0.7, and 0.9 are pre-
sented in Table C-9 through Table C-11.
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From the Bernulli equation

2 2
Patm * Y2 oV + yh = pagn* P+ 12 0 V" 4+ yh

where gy is the local gage pressure on the foil minus the static head. y = 62.4

lbs/ft  is the specific weight of fresh water, and pspy = 14.7 psi = 2116.8 psf
is the standard atmospheric pressure. p = 1.94 1b sec /ft . The water depth h
will be taken as the depth of the propeller axis below the design water line,
7.5 feet, minus the section radius.

h=75"-r

The local pressure py in terms of the local velocity v is given by
py = Y2 0 2 - VP

a local pressure coefficient Cp can be defined by
Cp =P/l o V2 =1 - (v)°

Values of the pressure coefficient for r/R = 0.5, 0.7, and 0.9 may be found in
Tables C-9 through C-11.

(C.10)

For cavity free operation the 1ocal absolute pressure must exceed the vapor
pressure e, that is

pam+p]+Yh>e
or

Cp > € - Patm - Yh

——

(C.11)
2

1/20Va
Our analysis of cavitation is based on a sunmer time operating temperature of
70° F; at this temperature e = 0.36 pse = 51.8 psf. Table C-12 presents con-
ditions that the pressure coefficient must meet for cavity free operation. The
velocities V are from Table C-3.

TABLE C-12 CAVITATION CRITER

r/R yh{psf) e-vh-p am(psf) V(ft/sec) L?pvz(psf)$ Cp > *
0.5 335.4 -2400 60.49 3549 -0.676
0.7 282.4 -2347 84.50 6926 -0.339
0.9 229.3 -2294 108.61 11442 -0.200

- PoSp——

Cavitation occurs at the face side of the l1eading edge at r/R=0.9 to
r/R=0.5; although the actual value of Cp
value, it is very marginal.
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at r/R=0.5 is not below the critical
Cavitation also occurs on the back side at r/R=0.7.




APPENDIX D: STRUCTURAL ANALYSIS OF THE BLADE UNDER ICE L.OADING

As mentioned previously ice loading is difficult to predict; as before, the
criterion proposed by Graft (1977) is used. The blade should be able to support
a2 load equal to the crushing strength of the ice times the appropriate projected
area. The rotating blade could be crushing through an ice chunk in the way of
its rotational motion; in this case the projected area is in a radial plane that
is a plane containing the axis of the shaft and a radial 1ine. Ice could be
forced against the blade in a forward or aft direction, in which case the pro-
jected area of the blade would be the appropriate area to use; however, in our
analysis the developed area is used for convienance of calculation. The substi-
tution of developed for projected area is slightly conservative in terms of pre-
dicted loading and stresses.

Tables D-1 through D-3 present the section properties for r/R=0.4, 0.6, and
0.8. The first eight columns of each table correspond to the respective column
in Table A-1. Iy is the mament of inertia around the centroidal axis paraliel
to the chord. The remaining columns are used to obtain x, Iy, and Ixy, where Iy
is the moment of inertia around the remaining centroidal axis.

TE

1

r J5 x dA
L.E.

x|
"

= 0.05 C/A ) x (yy-y1)
TE
1, = VA I (x-X)° da
L.E.
= 0.05C ¥ (x%)° (yyg¥)
and
Ixy = 0.0 ) (x-X) (y-¥) (yy-y1)

Table D-4 presents the corresponding data for an NACA 0018 symmetric foil
section with a 1.5 ft chord. Only y, is given since y1=-y,. Alsoy; for each
iection is 0 as isy; thus, (y)-y) dA is also zero. I, is gepe

Ii.
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Actually, the moments of inertia around these axes are needed but with the
section rotated through an angle equal to the pitch angle. 1f the new coor-
dinates are denoted by x' and y'.

[

X X cos ¢ ~ y sin ¢

y

X cos ¢ +y cos ¢

The desired moments of inertia Iyv 4nd Iy' are expressible in terms of the pre-
viously calculated Ix, 1y, and Ixy.

Ix' = y'?dA
= A (xsin ¢ +y cos ¢)2 dA
= A x2 sin? ¢ + y2 cos? ¢ + 2xy sin ¢ cos ¢ dA
Ix' = 1y sin? ¢ + Ix cos? ¢ +2 Ixy sin ¢ cos ¢
Similarly,
Iy' = Iy cos? ¢ + Ix sin? ¢ - 2 Ixy sin ¢ cos ¢

The loading is also computed with the section at the pitch angle ¢. 1In this
position the force normal to the x' - axis at a given value of r/R is:

Y; = 0.1 wRey cos ¢4

where w is the loading per unit area and c; is the corresponding chord length.
The force parallel to the x' - axis is:

Xi = 0.1 WRCi sin ¢1

The moments that these forces exert on each section are tabulated in Table
D=5 for an ice_crushing stress w = 300 psi. Ad and A, are the outboard pro-
jected areas; rd and r. are the radial locations of the centriod of the
respected areas.

The maximum tensile stress will occur at the leading or trailing edge
depending on whether the ice is pressing through the blade from the forward or
aft side of the screw. If z denotes the maximum distance from the centroid to
the leading or trailing edge parallel to the chord,

Zp = (C/2 + %) sin ¢

when computing the stresss due to the moment My and

Z) = (C/2 + ) cos ¢

when dealing with M}, The stress 1s given by:
Mz

g B ———

I
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Table D-6 gives a tabulation of the final stresses: o4 due to My and o
due to M.

TABLE D-6 ICE CRUSHING STRESSES

r/R aq (psi) o1 (psi)
0.4 30300 12000
0.6 18600 5600
0.8 8800 2900

The ice deflection strut is a beam fixed at both ends. Roark (1952) gives
the moment as 1/8 wl where the length is taken as 1 = 6' = 72 in and the loading
per foot is 300 psi * 1.6' * 12" = 6400 1bs/in, .

Hence,
M = 1/R8 6400 1bs/in * 72 in = 57,600 in/1bs.
The stress is given by:
MY, max 57,600 in/1b * 0,27 ft * 12"

o= =

Ix 24 ind

or

= 7780 psi
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